Three dimensionally ordered macroporous bioactive glasses (3DOM-BGs), namely 80SiO 2 -15CaO-5P 2 O 5 , were synthesized by sol-gel method. PMMA colloidal crystals and non-ionic block copolymers P123 were used as cotemplates. The amorphous 3DOM-BGs had skeletal walls enclosing macropores. Such structure resulted from octahedral and tetrahedral holes of the face-centered cubic (fcc) closest packed PMMA templates and windows interconnecting through macropores network. The thicknesses of the walls were around 50 nm -80 nm and the windows were 90 nm -110 nm in diameter. These wall thickness is increased by with an increase in ageing time up to 24 h and then gradually reduced with further increase in aging time. Vibration bands of Si-O-Si and P-O were evident in infrared spectra which are in agreement with EDS spectra indicating Si, P and Ca compositions. After in vitro bioactivity testing by soaking 3DOM-BGs in simulated body fluid at 37 °C, the crystallization of amorphous calcium phosphate layers compatible to the bone component of hydroxyl carbonate apatite were rapidly formed within 3 h. These results indicated that these 3DOM-BGs resembled ideal bone implant materials.
INTRODUCTION *
Bioactive glasses were first successfully produced from 45wt%SiO 2 -24.5wt%CaO-24.5wt%Na 2 O-6wt%P 2 O 5 by the melt-quenching method and referred to as 45S5 Bioglass® by Hench et al [1] . Since then, various kinds of bioactive glasses have been extensively developed and used in clinical applications as implanted biomaterials to replace or regenerate bone defects. They commonly consist of the silicate network incorporating calcium, sodium, and phosphorus in specific compositions. In some cases, the silicate network may include only calcium and phosphorus, or additional elements such as magnesium, potassium, iron, silver, or zinc to functionalize in certain applications. The key compositions for bioactivity of bioactive glasses are approximately (30 -55) wt% of SiO 2 , (15 -30) wt% of CaO, (20 -25) wt% of Na 2 O, and (4 -7) wt% of P 2 O 5 [2] . The bone-bonding ability of these bioactive glasses is determined from the biodegradable, the dissolution rate of ions when exposed to physiological fluids, the formation of new bones and stimulation of osteoblast. The mechanism of bone-bonding was suggested by Hench et al. [1] . Initially, the network modifications of Ca 2+ and Na + ions at the interface of glass are dissolved and replaced by H + in the body fluid. As a result, the increase in pH which promotes the breaking of siloxane groups (Si-O-Si) releases some soluble silica and silanol groups (Si-OH) at the surface are developed. The silica-rich surface layer then condense and repolymerise to form the amorphous calcium silicate layer. By incorporating PO 4 3-and Ca
2+
ions from the body fluid, the amorphous calcium phosphate layer is formed. Finally, hydroxyl carbonate apatite (HCA) is biologically crystallized leading to the formation of new tissue by interaction with other biomolecules and cells. Recently, the sol-gel method has increasingly been employed as an alternative to the traditional high temperature techniques [2 -4] . A variety compositions were obtained in sol-gel derived bioactive glasses [5 -9] . More importantly, the sol-gel method can incorporate the template for the growth of Three Dimensionally Ordered Macroporous Bioactive Glasses (3DOM-BGs). The versatility of such porous structures with a high surface-tovolume ratio is already exploited in the bone regenerations [10 -12] . By virtue of the finite size effects [13] , physical properties of these 3DOM-BGs structures were dependent on size and shape of windows interconnecting macropores and thickness of walls. Moreover, 3DOM structures tend to collapse if their walls are too thin as a result of the shrinkage effect in the polycondensation reaction to form gel.
In this work, 3DOM-BGs were synthesized using solgel method with monodispersed spherical poly-methly methacrylate (PMMA) colloidal crystals as macroporous templates. PMMA templates have been successfully employed in a variety of 3DOM structures [14, 15] . With a uniform size of PMMA templates, the wall thicknesess of 3DOM-BGs were by varying the period of ageing from sol to gel. The bioactivity of these 3DOM-BGs was then investigated to find the appropriate wall thickness.
MATERIALS AND METHOD
The compositions and details of starting materials are listed in Table 1 The solution was vigorously stirred at room temperature by the magnetic stirrer to obtain a clear sol (hydrolysis reaction) and further stirred to reach the gel point (condensation reaction) [2, 11, 16] . To obtain 3DOM structure, PMMA colloidal crystals (sphere diameter is 350 nm) were completely immersed in this sol. The excess solution was removed. The products were then aged in the sealed vials at 60 °C with varying ageing time as 0, 12, 24, 36, 48, 60, 72 h. Afterwards, the samples were dried at 60 °C to eliminate excess solvents, catalysts and byproducts for at least 24 h. Finally, the dried samples were calcined at 600 °C for 6 h (heating rate 2 °C/min, cooling rate 20 °C/min) to remove the cotemplates. 
12.50 ml 0.5M HCl 5.00 ml PMMA Field emission scanning electron microscope (FESEM; JEOL JSM-7001F) operated at 5 kV -20 kV was used to characterize the morphology of 3DOM-BGs providing details of structure, size and shape of skeleton walls and windows between macropores. Moreover, the surface change of 3DOM-BGs after in vitro bioactivity test can also be tracked. All samples were coated by conductive layers to prevent charge accumulation. Additionally, the 3DOM-BGs compositions were analyzed by the energy dispersive spectrometry (EDS; OXFORD PentaFETx3) attached to the FESEM with Silicon (Lithium drifted) crystal detectors. The X-ray diffraction (XRD; Philips X′Pert) using CuK α radiation with a step 2°/min in the range 10° -70° was used to identify phase present in 3DOM-BGs both before and after in vitro bioactivity test. The Fourier transform infrared spectroscopy (FT-IR; BRUKER Tensor27) was carried out in the transmission mode with a mid-infrared range 400 cm -1 -4000 cm -1 at the resolution of 4 cm -1
. The samples were prepared in forms of KBr-based pellets. Functional groups of 3DOM-BGs both before and after in vitro bioactivity test can be verified.
The simulated body fluid (SBF) solution was prepared from reagents given in Table 2 . They were completely dissolved one by one in 750 ml deionized water at 37 °C. (CH 2 OH) 3 CNH 2 was slowly added and the pH was adjusted to 7.25 by HCl. After that, 1000 ml of solution was kept in a volumetric flask until its temperature was down to a room temperature. The SBF solution was then stored in refrigerator. For the test, the solution is without precipitations and its storage time does not exceed 1 month. The in vitro bioactivity of 3DOM-BGs was tested at body temperature of 37 °C by using the SBF solution whose composition and ionic concentration similar to human blood plasma. Following Kokubo method [17] , the grainy 3DOM-BGs were soaked in the SBF solution at 37 ºC for 3, 6, 12, 24, 48 and 72 h with daily refreshing of the SBF solution. After soaking, samples were removed from the SBF solution and washed with deionized water several times and air-dried at room temperature. The changes in 3DOM-BGs were monitored by FESEM, XRD and FTIR techniques. Hydroxyl carbonate apatite (HCA) formation has been recognized as a testament to the biological compatibility of bioactive materials [18, 19] .
RESULTS AND DISCUSSION
All samples exemplified in Fig. 1 appear glitter in the primary observation with unaided eyes due to their porous structure. The sample without ageing (0 h) is brittle. Three-dimensional scaffolds in 3DOM-BGs are inherited from PMMA structure via colloidal crystal templates (CCT) method [20] . With infiltration technique, sol penetrated into the octahedral and tetrahedral holes of the closed-pack face-centered cubic (ƒcc) structure of spherical PMMA colloidal crystals used as macroporous templates. By the polycondensation reaction during ageing, sol turns into gel and the gel network then is expanded by the polymerization process [2, 11] . After the gel is dried, the solid already fills in interstitial spaces of templates. By calcination at 600 °C to obtain bioactive glass, the PMMA colloidal crystals were removed opening up macropore spaces and windows between macropores. The remaining solid skeleton encloses the air holes leading to the 3DOM-BGs scaffolds as shown in Fig. 2 . The peaks in EDS spectrum correspond to Si, Ca, O without impurity element. Since the intensity in EDS peaks is related to the elemental composition, P with the smallest fraction is not detected. The P peak was barely registered in the other work with comparable compositions [20] but was clearly shown in when the P 2 O 5 was approximately doubled [21] . However, the subsequent analysis of FTIR indicates that the element P is a composition of 3DOM-BGs. The skeletal walls enclose macropores interconnected through windows positioned at touched point of spherical PMMA colloidal crystals. Regardless of template and precursor types, differences in size and shape of windows interconnecting macropores and thickness of walls are affected by the shrinkage of the precursor or the template. Moreover, the diameter of macropores is typically reduced by 10 % -30 % [22] . According to significant shrinkage of the gel due to the polycondensation reaction during ageing time, FESEM images of seven samples with varying ageing times from 0 h -72 h were compared in Fig. 3 . The thicknesses from ten positions of skeletal walls for each sample were measured to obtain an average value. The average wall thickness ranges from 56 nm to 74 nm within the standard deviation of 2.4 nm -3.6 nm. The ageing time plotted against the average of thickness of walls in Fig. 4 show the effect of ageing time on the skeletal walls. The wall thickness is increased with longer ageing up to 24 h and then gradually reduced with further increases in ageing time. It implies that the polycondensation and polymerization are not complete during the first 24 h of ageing process and the shrinkage occurs after complete gelation. XRD spectra in Fig.6 indicate the amorphous state of 3DOM-BGs aged for 24 h and 72 h prior to the soaking in SBF solutions. The crystalline phase of HCA, the major inorganic component of bone [18, 19, 23] , is detected on surface of both samples after soaking. For 48 h soaking, the diffraction peaks at 21.8, 22.9, 25.9, 28.1, 28.9, 31.8, 32.2, 32.9, 34.1, 46.7, 48.6 and 49.4 degree are assigned to the crystalline HCA phase (JCPDS 009-0432) in the 3DOM-BG aged for 24 h. However, the 3DOM-BG aged for 72 h exhibits only some diffraction peaks that idexed as HCA at 21.8, 22.9, 25.9 and 31.8 degree (JCPDS 009-0432). Moreover, a comparison of these spectra reveals that the peaks of 3DOM-BG aged for 24 h are sharper than those from 72 h ageing. In addition to the biological compatibility of these synthesized 3DOM-BGs, the results also show the potentially rapid growth in 3DOM-BG by using 24 h over the 72 h ageing counterpart.
In Fig. 7 , FTIR spectra confirm the evolution of HCA layer on surface of 3DOM-BGs in both samples. Before soaking in SBF, both similar spectra show the peak at 466, 802 and 1090 cm -1 and shoulder between (1090 -1220) cm . After soaking in SBF, the peaks that relate to Si-O-Si are weaken according to the breaking of siloxane group due to the mechanism to form HCA [1] . The vibrational peak of P-O near 564 cm -1 split to dual peaks at 564 cm -1 and 603 cm
and the peak at 960 cm -1 can be observed after soaking in SBF for 3 h. Furthermore, the intensity of vibrational peak of P-O is increased with the increase in soaking time. These results indicate the crystallization of amorphous phosphate related to the formation of HCA. 
CONCLUSIONS
3DOM-BG scaffolds were synthesized by the sol-gel method using spherical PMMA colloidal crystals of 350 nm in diameter and non-ionic block copolymers P123 as cotemplates. The variation in ageing time from (0 -72) h affected the wall thickness and windows interconnecting macropores network. The wall thickness was increased by with an increase in ageing time up to 24 h and then gradually reduced after prolonged aging. The in vitro bioactivity testing by soaking 3DOM-BGs in simulated body fluid at 37 °C showed the rapid formation of bone-like apatite phase, hydroxyapatite within 3 h. These results were supported by FESEM, XRD and FTIR analysis. Moreover, all results showed that the 3DOM-BG aged for 24 h had more bioactivity than those using other ageing periods.
